We begin by defining "biological markers" for the purposes of the present review, distinguishing markers from other types of information, such as subject reports or conventional clinical data. We find the distinctions to be hazy. Next, from the standpoint of epidemiologists, we set out circumstances in which exposure markers might be needed, suggesting requirements for useful markers. We give two instances (lead, PCB), drawn from studies of female reproduction, where the use of exposure markers is compared to environmental or anamnestic data. Effect markers are considered in turn. It is argued that their usefulness (if they are to be more informative than exposure markers) depends on their sensitivity and specificity in relation to the disease outcome. Also, their timeliness, and the use that can be made of the gain in time, for individuals and populations is discussed.
Introduction
Epidemiology, in recent years, has developed more and more as a science of methods, a compound of statistics and logic applied to the solution of health problems. Two factors have probably contributed to this. First, today, many exposures that are being studied produce smaller increases in risk and less obvious health effects than those examined in the past, so that increasingly sophisticated manipulation of the data is needed in order to demonstrate those associations that are present. As professional training adapts to cope with these demands, the emphasis on a biological understanding of disease declines among epidemiologists. Second, and perhaps as important, is the influential philosophy expressed by some leading epidemiologists, which challenges ". . . the common perception that understanding of mechanism is more useful than knowledge of associations," on the grounds that "prevention through control of exposure is often feasible in the absence of knowledge of cellular processes" (1) .
Other epidemiologists have attempted to struggle out of the shackles of this philosophy, arguing that whenever a researcher has useful clues to the likely mode of action, he or she has a decided advantage in designing research to test and quantify associations. As a result of a stronger design, cause-effect connections may be detected that might otherwise be elusive (2) . The thrust of the discussion that follows is analysis of the circumstances in which biological markers, by bringing us closer to mechanism, may strengthen epidemiological strategies. These are the "prospects" referred to in our title. The "precautions" in the title reflect experience with an epidemiologic study of aneuploidy involving analysis of human abortus material (see below). In a final section, we consider how an epidemiologist might select biomarkers for exploration, keeping an eye not only on what it is possible to measure in specific areas of reproductive function, but also on which outcomes appear likely to show effects of environmental exposures.
What Are Biological Markers?
We begin with definitions since it is already clear that in the case of "biological markers," as with "molecular epidemiology" and even with "genetics," we are at a Mad Hatter's tea party. Since terms will confound our discussions unless we apply them in the same way, we have listed in Table 1 some uses of terms for which we need general agreement. The first category excluded as a biological marker is measures of the environment. It also seems reasonable to exclude subject reports (although these may be subtle and specialized, e.g., an We turn next to a consideration of exposure markers on the one hand, and of effect markers on the other. The distinction between the two seems important, at least in theory, and we have tried to explore the distinction through examples from the field of reproduction (Fig. 1) . The differences may become more evident if we take each concept in turn. We begin with exposure markers (that is, biological measurements of internal dose or body burden) and the circumstances under which they serve the needs ofepidemiologists (see Table  2 ).
The first set of circumstances in the table (relating to insufficient details of exposure) is commonly encountered in epidemiology. It should be remembered, however, that while an exposure marker might be useful in this respect, it may not be necessary: careful questioning can often be very informative on the requisite detail. Similarly, although recall bias is an ever-present source of anxiety to the epidemiologist, study design will often handle the problem satisfactorily. Memory failures do occur and increase with lapse of time, but many biological markers fade with time as well. Deliberate misinformation confuses the investigator; however, those who misinform may also be refusers in a testing program that requires informed consent. The precautions may be summarized by warning that one needs to weigh the potential gains carefully before eschewing conventional methods in favor of biological measures.
The second application cited for exposure markers, the need to validate other sources, is a methodological use that is certainly valuable to the epidemiologist, especially one who, for practical reasons, must rely on exposure histories or records in the study population as a whole but could use exposure markers on a small, representative subsample.
The next three uses of exposure markers in epidemiology (the last three entries in Table 2 ) are of a different order, for they move us toward an understanding of individual exposures that we could not otherwise in all likelihood reach, even from honest, precise, and carefully recalled reports. But what evidence do we actually have that these three 'biological' uses add strength to the arm of the researcher? We illustrate again both the prospects and the precautions. Table 3 provides data on lead exposure to pregnant women in the province of Kossovo, Yugoslavia, on the Albanian border (Graziano, personal communication). A lead smelter has polluted the area around the town of Mitrovica, affecting not only the workers in the plant but also the resident population. In Pristina, 40 km away, many aspects of life are similar, but there is no pollution by lead. In an investigation headed by Joseph Graziano, we have been studying the effects of intrauterine exposure on the offspring and for this purpose have measured blood lead levels of Mitrovica and Pristina women when they come for prenatal care, usually in midpregnancy. The study includes a series of questions relating to individual exposure, the most useful of (The women seldom worked in the plant.) Table 3 compares the means and ranges of blood lead levels for women categorized on the basis of the epidemiologic design and the interview data; the table illustrates the added specificity that is gained in this instance from the use of an exposure marker as compared with an exposure gradient constructed from detailed reports. As the data show, while mean blood lead levels for women in Mitrovica, the polluted town, are threefold higher than for Pristina women, there seems to be little additional contribution from the husband's work exposure; in fact, the highest recorded blood level is for a woman whose husband is not employed in the lead industry. The other notable feature of the data is the substantial range in blood levels within exposure categories, indicating that individual variation in absorbed dose is appreciable.
It remains to be seen, as follow-up continues, how useful the biological exposure marker is in identifying adverse effects, but the maternal blood lead has already proven its worth as an index oftransplacental exposure.
Mothers' serum leads, measured midway through pregnancy and at term, are very highly correlated with umbilical cord blood, so we know the infant's blood reflects the mother's lead burden during her pregnancy, even though the mother's level may have been higher or lower at other times; blood level responds within a few weeks to exposure changes.
We use another example to embody the precautions. is with the reported data, and this we explain on the basis of a finding in the study that it was the mother's consumption before, as well as during pregnancy (that is, the cumulative dose) that precipitated these outcomes; this was a distinction that could not be derived from the biological marker measured only once, in cord blood. We show these data to admonish against a mindless preference for technical measures. To sum up, for our purposes a useful exposure marker should be superior to a report. It must accurately differentiate exposed from unexposed individuals and should, in general, be noninvasive, acceptable, and applicable on a large scale. Ideally, a marker would provide a memory of cumulative exposure interpretable as time, dose, and duration.
We turn next to effect markers, which for the moment we define as any biologically measurable response to exposure. It is here, perhaps, that the prospects, and the uncertainties, as well, loom larger. If epidemiologists prefer to work one level removed from these uncertainties, then they should leave the matter of effect markers alone. But, if they hold that epidemiology is most effectively used as part of an iterative process to narrow and refine the research questions in collaboration with laboratory and clinical scientists, then they will try to identify how each group may complement and reinforce the other in an overall program ofresearch (2).
We set out once again the desiderata for epidemiologists, in this case for useful effect markers (Table 5) . The first requirement, that information on exposure is added to anamnestic data, is the most limited. If this is all an effect marker does, then it is actually functioning like an exposure marker; many ofthe biological markers in present use (e.g., SCEs, DNA adducts) are of this type. Among the other desirable attributes listed in Table 5 , noninvasiveness is again a great advantage (but not an absolute). The effect must be timely, in the sense that it is detectable before the disease supervenes, and it would naturally be highly desirable if with timeliness go prospects for effective interventions, either for the individual or for the community at risk. Stability is quite important. In practice, if a marker does not endure in the individual over some appreciable period of time, it will be less useful than if it does persist, at least until after the exposure is no longer measurable. The requirement that the marker be sensitive to the environment is of course crucial in the present context, and we will have more to say about this shortly.
For now we turn to the issue of prediction. Whether, and how well, a marker predicts disorder in exposed individuals is a measurable characteristic, and it is here that we see room for the inventive epidemiologist to play a part. In Figure 2 , we have modelled some of the possible relations among a marker ofexposure, an effect marker, and the disease or disorder of concern. First, if exposure and effect markers correspond very closely indeed, there is no benefit in distinguishing one from the other. At the other extreme, if effect markers and signs/symptoms of the disease correspond very closely, then the virtue of using the effect marker resides entirely in its timeliness and the use that can be made of the time. An effect marker that correlates very closely with the disease would not likely improve the chance of detecting cause-effect relationships, although it may add knowledge of process or of precursors. If, however, the effect marker does not correlate closely with the exposure marker and is prognostic of the disease but the correspondence with disease is not absolute, then the gap between exposure, effect, and disease may be fruitfully explored in the hope of identifying individual susceptibility factors or other precipitating circumstances.
AIDS presents us with a paradigm of these relations. Regarding the presence of the virus in the blood as an exposure marker, what use can be made of the time We return now to a consideration ofbiologic processes that may be sensitive to environmental exposures. In Figure 3 , we denote conception, pre-, peri-, and postimplantation of the zygote in the human, marking the number of days from ovulation. On day 15 postovulation, a woman who has a regular menstrual cycle might first suspect a pregnancy. Validated biological markers that fertilization has occurred and that the conceptus has survived at least to implantation have now been provided [for a fuller discussion, see the paper by Canfield and colleagues, (4)]. These sensitive new assays permit observations that previously could begin only 1 or 2 weeks later. Thus, the biologic markers of implantation [and perhaps, soon, of conception; see Faulk (5)] open up a realm for study virtually unexplored since the classic investigations of Hertig (6) .
In a similar spirit of excitement and discovery, we began more than a decade ago to explore the distribution and determinants of the aberrant chromosomal forms in clinically recognized miscarriage (7) . Along with epidemiologic data on parental characteristics and exposures, the products of conception were collected and karyotyped. We draw on that experience now to offer some precautions.
After a decade of research into human aneuploidy, we have come to the view that human chromosomal aberrations, while certainly numerous, varied, and fascinating in their own right, respond rather little, if at all, to the range of environmental influences which we have been able to study (e.g., cigarettes, alcohol, spermicides, occupation) (8) . It has been possible to document some slight adverse effects on chromosomally normal conceptuses [for instance, cigarette smoking (9) and maternal fever (10)], but the thousands of karyotyped miscarriages studied have revealed little evidence that the anomalies are sensitive to the environment. The associations that others have reported based on unkaryotyped series of miscarriages are also probably due to a raised risk of chromosomally normal spontaneous abortions since these comprise the majority of miscarriages, and it would take a large increase in chromosome anomaly to raise the overall rate of miscarriage (11) . Additional support for this view of the relative sensitivity of normal and abnormal conceptions comes from the observation that specific chromosome anomalies vary very little across studies in different populations, whereas chromosomally normal abortions do vary in frequency. The data from our series in New York and FIGURE 2. Schematic representation of two possible relationships among exposure markers, effect markers, and reproductive disease or disorders. In the first, the effect marker, while a measure of response, is linked closely to exposure but very weakly to disease. In the second, the effect marker is directly in the pathway between exposure and disease. for series in London, Honolulu, and Hiroshima are shown in Figure 4 . How do these inferences about recognized miscarriage bear on observations of very early losses (periand early postimplantation losses that would seldom enter a series ofhospitalized miscarriages)? It is entirely too soon to say with any certainty, but we may speculate, first, that the majority of very early losses are chromosomal anomalies, and second, if this is so, that environmental influences on this distribution will probably not be marked.
There are several lines of evidence in support of the first point (that the majority of very early losses are chromosomally abnormal). First is the observation that in recognized miscarriage (in spite of some irregularities, possibly artifactual), the prevalence of chromosome anomaly generally increases as gestation time of the abortus decreases (12) . Second, there is the theoretical argument that many chromosome anomalies which are believed to occur are presently unaccounted for and so are presumed to be lost very early on. For example, monosomy might be as frequent as trisomy (that is, there would be a missing chromosome for every supernumerary one), but monosomies are observed only half as often trisomies in recognized pregnancies; ergo, the missing monosomies could have been lost in the preclinical period. There is evidence in the mouse to suggest that this is so (13) . In addition, there are trisomies of specific chromosomes that are underrepresented in recognized pregnancies and so are presumptive early losses (14) . Chromosomal studies would be required to establish this with certainty, but these studies are at present technically infeasible.
On the second point (that the likelihood of environmental influences will be less, the greater the concentration of chromosomal anomalies) there are indications that the experience in very early loss will parallel that of clinical miscarriage. For example, a review by Baird and Wilcox of the toxicologic literature (15) found that preimplantation loss was induced by much the same exposures as caused postimplantation loss. It seems unlikely that in the human a new and distinct set of causes of environmental origin will specifically, and only, cause peri-implantation loss. Of course, this can only be confirmed empirically. Moreover, it will be interesting and important to establish the natural history of very early loss, even apart from the question of environmental influences.
By contrast, ovarian function is an aspect of female reproduction that does apparently reflect environmental factors. There are several epidemiological pointers to suggest this is so. We know, for instance, that there are environmental effects on menarche related to nutritional factors (16) . Extreme physical exertion (17) , starvation (18) , and psychic strain (19) have been shown to alter ovulation in women with established cycles, and there are data suggesting that exposure to solvents (20) , metals (21) , estrogens (22) , and chemotherapeutic agents (23) induces menstrual disorders.
Contemporaneous cigarette smoking is associated with an earlier menopause (24) . Is this finding connected with the observation that contemporaneous cigarette smoking delays conception in couples attempting a pregnancy? We do not know if cigarette smoking impedes ovulation or induces very early (preclinical) loss. However, a recent study documents in biological detail the antiestrogenic effect of women's smoking (25) , and a similar pathway for estrogen metabolism has been shown for malnutrition and weight loss (26, 27) , factors which do disturb ovulation.
We might be able to establish the underlying cause of smoking-induced conception delay and perhaps discern new associations if the epidemiology of ovulatory failure could be studied using biological markers. For several reasons (e.g., applicability to nonconceptive women) ovulation would be easier to study in populations than early pregnancy if an acceptable noninvasive marker of ovulation were available. While irregular menses is a usual accompaniment of ovulatory failure, this is not always the case, and it would be a great advantage to have a marker. Measures of progesterone in urine (28) and saliva (29) have been bruited. A heatsensitive device, more sophisticated and acceptable than a rectal thermometer, would be a useful tool.
Anovular cycles indicate a hormonal cause, a somatic change, rather than one that is genetic or chromosomal, within the genome. Here we venture a generalization: there is more evidence that the environment induces damage to the somatic cells-in the woman, mediated through the endocrinal system, and in the embryo, through the placenta-than that the environment damages the genome of subsequent generations. This seems to be one of the lessons from experimental toxicology. Then, for delayed conception, as with smokers, we should first suspect irregular ovulation; if there is very early loss (of presumably chromosomally normal conceptuses), we might suspect hormonal inadequacy. However, hormonal inadequacy will be difficult to demonstrate without large numbers if, as we predict, most very early losses are chromosomally abnormal.
We know that observable chromosomal anomalies (at miscarriage and at term) seem related to maternal age (30) in a seemingly constant fashion and not, insofar as they have been studied, related to any of the usual environmental influences. These observations fit with laboratory findings: oocytes can be induced to atrese, anomalies of development can be induced during pregnancy, but prepregnancy exposure of the female cannot easily be demonstrated to result in miscarriage or genetic birth defects. In the female (mouse as well as human), the stored eggs seem to be exceptionally well insulated, even against the myriads of new products being synthesized daily and released into our environment.
In summary, we know through epidemiology that the following reproductive functions are responsive to environmental factors: the onset of the menarche; ovulation, for those with established cycles; the menopause; and the development of the chromosomally normal embryo and fetus. In terms of uncovering new environ-mental hazards to female reproduction, the epidemiologist would be well served by the development of biological markers for these events, especially if markers can be designed to incorporate the desirable attributes enumerated earlier.
